Metabolic surgery is recommended for the treatment of type 2 diabetes for its potent ability to improve glycemic control. However, the mechanisms underlying the beneficial effects of metabolic surgery are still under investigation. We provide an updated review of recent studies into the molecular underpinnings of metabolic surgery, focusing in on what is known about the role of gut microbiota. Over the last 7 years several reports have been published on the topic, however the field is expanding rapidly.
INTRODUCTION
In the hours and days immediately following restructuring of the gastrointestinal tract through bariatric surgery, patients experience a shift toward improved glucose regulation. The shift occurs independent of weight loss or dietary improvement, although both are commonly touted benefits of the surgery. In recent years, these same surgical procedures have been shown to improve outcomes of other obesity-related diseases including type 2 diabetes (T2D), cardiovascular disease, and reverse some end-organ damage ]. As such, the delegates of the 2nd Diabetes Surgery Summit (DSS-II) now suggest surgery as a treatment option for certain patients with T2D, including those with bodymass indices (BMIs) < 35, the traditional exclusion metric for patients [5 & ] . It is increasingly clear that 'metabolic surgery' proves a more apt term for the procedures. Despite this clinical step forward, experimentally the molecular underpinnings behind many of the beneficial effects of metabolic surgery remain a mystery. Several lines of evidence, both new and old, suggest changes in secretion of incretin hormones, bile acid levels, lipid homeostasis, neuronal, and intestinal adaptation may contribute to the beneficial effects (Fig. 1) . Recently, research has delved in to investigating the role of the gut microbiome, largely because microbiota are linked to the regulation of these same factors.
By far the most widely appreciated benefit of metabolic surgery is the robust and sustained weight loss seen in patients in the weeks and months postoperation. According to the World Health Organization, 39% of adults are overweight, 13% of which are classified as obese [6] . Yet, despite decades of research, few pharmaceutical treatments have entered the market with more than a modest effect on weight loss, and many of these drugs are accompanied by significant adverse effects for patients [7 & ]. Glucose metabolism also rapidly improves following metabolic surgery, with surgery recipients demonstrating superior control relative to those making lifestyle changes alone [5 & ]. In the most recent update of the STAMPEDE clinical trial, 5-year outcomes of patients with T2D who were randomly assigned to undergo intensive medical therapy with or without metabolic surgery, showed that patients that received metabolic surgery achieved better glycemic control. Moreover, between 25 and 45% of patients, dependent on surgical procedure, were able to do so without taking additional medications [4 & ]. Therefore, understanding how weight loss and improved glucose regulation is achieved following metabolic surgery, is critical not only to improve surgery outcomes, but also to someday preclude the need for such invasive therapies. Over the past 5 years, several strides have been made toward understanding the role of gut microbiota in regulating weight loss postsurgery. The microbiota may play a mechanistic role in mediating outcomes, although the current state of the field has numerous inconsistencies, which may reflect inherent variability in microbiomes based on age, ethnicity, and diet.
For historical reference and to our knowledge, the earliest study looking into changes in gut microbes following metabolic surgery was published in 2009 [8] . Using just three patient samples taken 8-15 months postsurgery, Zhang et al. [8] observed altered fecal bacteria composition compared to obese and normal weight patients. A series of papers followed, with larger cohorts spanning humans and rodents, which further associated microbial species and metabolites with various postsurgical outcomes [9] [10] [11] [12] .
KEY POINTS
The beneficial effects of metabolic surgery on weight loss, glycemic control, and type 2 diabetes are not the result of mechanical restriction and reduced nutrient absorption.
Endocrine, neuronal, and metabolic improvements occur following metabolic surgery.
Gut microbiota are compositionally changed by metabolic surgery, and may contribute to the changes seen in the beneficial outcomes or surgery.
Investigation into the microbial mechanisms mediating the beneficial effects of metabolic surgery are in their infancy, but the field is progressing rapidly. FIGURE 1. What is the role for microbiota in the beneficial outcomes of metabolic surgery? Vertical sleeve gastrectomy (VSG) results in improved metabolic function. It is just a single example of the many metabolic surgeries available for patients with obesity, cardiovascular diseases, and type 2 diabetes. The systemic mechanisms behind the vast postoperative improvement are still under investigation, and microbiota may contribute. However, how surgery alters microbiota, and the specific mechanisms microbes employ to regulate metabolic function are still under investigation. Source: Bailey C. E. Peck.
Compositional changes in the gut microbiome following metabolic surgery
Most studies to date have investigated whether certain phyla or species of bacteria from fecal samples can be linked to surgical outcomes [11] [12] [13] [14] [15] [16] . These studies vary by surgical procedure (e.g. Roux-en-Y gastric bypass, vertical sleeve gastrectomy, duodenal-jejunal bypass) and study models, making crossstudy comparisons difficult. Nevertheless, Guo et al. [17 && ] and Magouliotis et al. [18 & ] recently conducted meta-analyses of the published microbiome studies postmetabolic surgery. These meta-analyses are important contributions to the recent literature, especially given the variability in microbiome studies, because they cohesively examine the changes in microbiota that are reliable across cohorts, surgical models, and species. They found that although diversity and richness of microbiota varied across studies postoperatively, several taxa had strong evidence for significant and consistent postoperative change (e.g. increased Proteobacteria, specifically genus Escherichia). Certain bacterial groups were strongly associated with patient parameters across studies, for example Bifidobacteria and BMI [ 
Although fecal samples are the most common and easiest to collect, they largely represent the microbial environment of just the distal colon. Less is known about the microbial changes that occur in the upper gastrointestinal tract following surgery, which is surprising given that recent studies have strongly implicated this region as mechanistically important in metabolic surgery (i.e. the foregut hypothesis) [24 && ]. Following Roux-en-Y gastric bypass, gut microbiota is altered differently in each region of the intestine [12] . Although it is likely that this is true of other procedures, very little is currently known about the mechanistic impact of these regional changes.
Microbial mechanisms regulating beneficial outcomes of metabolic surgery
The gold standard to determine whether microbiota contribute to a phenotype are fecal transplant studies, typically using germ-free mice, and more recently in humans [ [15] , found that cecal transplant from a mouse model of metabolic surgery induced reduced adiposity without reductions in food intake of the recipient germ-free mice. Similar results were found by the Bäckhed laboratory using fecal samples from patients following metabolic surgery [27] . However, a recent study from the same laboratory found using a rat model of metabolic surgery that these effects show regional specificity, with mice colonized with ileal microbiota from rats receiving metabolic surgery unexpectedly having an impaired glucose tolerance, while cecal contents resulted in improved sensitivity [26 && ]. Despite the high density of microbes in the colon, these results further emphasize the need to consider the effects of microbes throughout the gastrointestinal tract, including the small intestine.
Toward better mechanistic understanding of gut microbiota, a recent population study of Han Chinese individuals following metabolic surgery described postoperative shifts in fecal microbial populations with marked increases in Bacteroides thetaiotamicron abundance [28
&&
]. Interestingly, gavaging mice with B. thetaiotamicron resulted in reduced adiposity and resistance to weight gain on a high-fat diet. The authors hypothesized that the relationship between this specific bacterial population and body weight may be associated with circulating levels of amino acid and neurotransmitter, glutamate [28 && ]. Although this observation is correlational, the study provides some of the early mechanistic evidence for specific microbial species in regulating adiposity and the beneficial effects of metabolic surgery.
One of the conceptual and experimental challenges of transplant studies is evaluating the ability of transplanted microbes to replicate the donor state, including regional localization and density. Most transplant studies, such as the ones mentioned above, take a top-down approach by orally administering microbiota. Microbes must then survive the acidic stomach and relatively oxygen-rich small intestine before colonizing the comparable colon (in the case of fecal samples) in the recipient animal. An alternative strategy to evaluate the role of microbiota is via depletion, such as by administering antibiotics to reduce the density of microbiota [29 & ]. These types of studies have their own limitations, ranging from the effect of antibiotics on the host to incomplete elimination of gut microbiota. Other recent studies have approached the role for microbiota using probiotics, although no significant beneficial or protective effect was found after 6 months administration following metabolic surgery [30 & ]. However, in a recent study evaluating the effects of fecal transplant in humans in relation to metabolic disease, Kootte et al. [25 && ] showed that fecal transplant from lean donors into patients with metabolic disease improved peripheral insulin sensitivity, but the transient effect lasted only weeks. Overall, we think it is important for future studies of these types to consider not only regional effects of microbes, but also temporal.
On a related note of microbial mechanisms, lipopolysacharides (LPS) have been hypothesized to contribute to improved metabolic health postsurgery. LPS, a gram-negative bacterial cell wall component and biomarker of chronic inflammation, when elevated in blood plasma can drive adipose precursor proliferation and macrophage infiltration contributing to metabolic disease [31] . Although obese patients have elevated plasma LPS levels, there is evidence that metabolic surgery decreases these levels [32, 33] , although preoperative levels and postoperative effect sizes are variable across studies. How metabolic surgery acts to decrease these levels is under active investigation, and could be the result of improved barrier function and or altered microbial load or composition at the mucosal surface [34 & ]. Much research over the last decade into the role of gut microbiota has focused on short-chain fatty acids (SCFAs), which are produced primarily by gut bacterial fermentation of fiber, and which are compositionally altered by metabolic surgery. Increased levels of certain SCFAs can improve intestinal barrier function [35] , which may contribute to improved insulin signaling [36] . However, future research will need to be conducted to determine the direct and indirect roles of gut microbiota in regulating host metabolism and the beneficial effects of metabolic surgery.
How does surgery change microbial composition?
How surgical intervention alters gut microbiota is of considerable interest to the field. There are several hypotheses, while it is possible and very likely that multiple factors contribute to the overall compositional changes, very few have been experimentally tested. It is possible that the surgical interventions that alter the gastric pouch cause changes to pH or oxygen levels in the upper gastrointestinal tract thereby changing the environmental suitability for some bacteria, and likely also contributing the high rate of bacterial overgrowth following surgery [8, 37] . The pH of fecal samples after bilio-intestinal bypass are much lower than preoperative controls, which may support this hypothesis [38] . Alternatively, it has been hypothesized that changes in intestinal length or transit time could favor colonization of faster growing species [8] . Nevertheless, it is also possible that changes in microbial composition are secondary to other effects of surgery. In the meta-analysis by Guo et al., the authors identified six studies that evaluated KEGG enrichment of microbial gene categories, which showed a general enrichment in gene expression related to the phosphotransferase system (PTS), which is a bacterial system for the uptake of carbohydrates for energy using the substrate phosphoenolpyruvate. Interestingly, in a recent study investigating the connection between host genotype, microbiota, and metabolic pathways, sensitivity to a high-fat diet and increased insulin secretion was associated with microbiota with more PTS gene expression [43 & ].
CONCLUSION
Although the current state of the field indicates that the microbial landscape undergoes a significant and sustained alteration following metabolic surgery, we are still investigating the mechanistic impact of these changes. Several recent studies have touched on this knowledge deficit, and we expect many more such studies in the coming years. Research into the role of commensal microbiota in metabolic surgery outcomes is overall relatively new. While much can be gleaned from the broader studies of host-microbe interactions, communication, and metabolism, we are still awaiting the contextual studies to evaluate the impact and effect size following surgery. The future will likely see microbe-based therapeutics either as a mono-or combination-treatment option with metabolic surgery. However, these therapeutics will not progress without a firmer understanding of how surgery influences microbiota, and how they in turn mediate key beneficial effects of metabolic surgery.
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